In a comparative study of the DNA sequences of a variety of mammalian genes, we concluded that rodents (rat and mouse) have accumulated significantly more nucleotide substitutions than has man since the rodent-primate split (Wu and Li 1985). Easteal ( 1985) challenges our conclusion and maintains that our results are compatible with the rate-constancy hypothesis.
In a comparative study of the DNA sequences of a variety of mammalian genes, we concluded that rodents (rat and mouse) have accumulated significantly more nucleotide substitutions than has man since the rodent-primate split (Wu and Li 1985) . Easteal ( 1985) challenges our conclusion and maintains that our results are compatible with the rate-constancy hypothesis.
We compared the rates of nucleotide substitution in rodents and man using the relative-rate test. For each of the 12 genes considered, we used cow, goat, pig, dog, or rabbit as a reference species. We obtained the results shown in table 1. We assumed that man and rodents are more closely related to each other than either is to the reference species ( fig. 1 a) . This phylogenetic scheme implies the following approximate numbers of substitutions per fourfold-degenerate site in the three branches of the phylogenetic tree: man, 0.2; rodents, 0.4; reference, 0.2. From these calculations, we concluded that at fourfold-degenerate sites rodent genes have evolved two times faster than human genes. Easteal contends that the alternative explanation shown in figure 1 b is equally plausible and can be taken as evidence that substitutions have occurred at a constant rate in all species. In our paper we stated that our results cannot be explained by this alternative evolutionary scheme. Our reason, not explicitly stated, was that this scheme assumes that the divergence time between man and the reference species is only two-thirds (27'/3) of the divergence time (T) between man and rodents. We point out below two serious difficulties with Easteal's explanation.
First, under Easteal's evolutionary scheme ( fig. 1 b) , the rate-constancy hypothesis does not hold for nonsynonymous substitutions. For example, from table 1 we can show that at nondegenerate sites the numbers of substitutions per site are 0.075 for the human branch, 0.075 for the reference branch, and 0.095 for the rodent branch. Therefore, the rates of substitution per nondegenerate site per unit time are 0.0751 (27'/3) = O.l13/Tfor the human branch andO.O95/(T+ T/3) = O.O71/Tfor the rodent branch, the former rate being 1.6 times higher than the latter. Obviously, this is contradictory to Easteal's contention that our results support the rate-constancy hypothesis. The only way to salvage the rate-constancy hypothesis is to assume that the divergence time between man and the reference species is somewhere between 2T/3 and T. The best choice seems to be 0.8T, under which the rate of substitution per nondegenerate site is 1.2 times higher in man than in rodents while the rate of substitution per fourfold-degenerate site is 1.3 times higher in rodents than in man. But this evolutionary scheme is not compatible with the mammalian fossil record (see below).
Second, Easteal's evolutionary scheme ( fig. 1 b) is at variance with the mammalian fossil record. Primates and rodents are thought to have diverged -75 Myr ago. Thus, Easteal's assumption would imply that primates and artiodactyls (or carnivores) diverged only 50 Myr ago. This is contradictory to the general belief that primates, artiodactyls, and carnivores have been distinct since late in the Mesozoic, i.e., at least 65 Myr ago (Lillegraven et al. 1979; Young 198 1) . Further, fossil evidence suggests that the earliest primates arose -65 Myr ago (Novacek 1982 , and personal communication). As mentioned above, one might argue that the rate-constancy hypothesis would hold roughly if the divergence date between man and the reference species were only 0.8 T or -60 Myr ago. This date, however, is also too recent vis-a-vis the origin of primates. It is clear from the above discussion that the mammalian fossil record is not as useless as Easteal has contended. Actually, our reference species were chosen for this reason. We have chosen cow, goat, pig, and dog because artiodactyls and carnivores are generally thought to have branched off prior to the primate-rodent split (Romer 1966; Dayhoff 1972; Young 198 1) . It would be difficult to find better references than these species because a reference should be as close to the two species compared as possible so that the stochastic effects on nucleotide substitution are minimzed. We have also chosen rabbit as a reference, because, although its evolutionary position is uncertain, many paleontologists (see, e.g., Young 198 1; Novacek 1982) have placed it closer to rodents than to primates. Of course, the precise branching order has yet to be firmly established, but, as we have stated (Wu and Li 1985) , the differences in substitution rates are usually too large to be attributable to errors in the assumption of phylogenetic relationships.
In our study we also compared three paralogous human and mouse P_globin genes (designated A Easteal (1985) , which explains the differences in substitution rate by differences in branch length. The figure is taken from Easteal(l985).
numbers of synonymous-site substitutions between pairs of the human genes (A-F, 0.731; A-E, 0.623; and F-E, 0.562) are all smaller than the numbers between the respective pairs of mouse genes (0.904, 0.974, and 0.960). We took this as further evidence supporting our view that the substitution rate has been faster in mouse than in man. Easteal challenges our conclusion as follows: First, if no lateral gene conversion has occurred, the differences between mouse A and human E or F are expected to be the same as the differences for the reciprocal comparison between human A and mouse E or F. This expectation does not hold, because there are 1.081 and 0.902 synonymous substitutions/site between human A and mouse E and F, respectively, but only 0.674 and 0.660 substitutions/site in the respective comparisons of mouse A with human E and F. Second, when human A and mouse A are compared to all E and F genes, the number of substitutions is independent of which A gene is being compared-it depends only on whether the comparison involves mouse or human E and F genes. On the basis of these two points Easteal contends that the A gene has evolved at a constant rate in both the human and mouse lineages and that partial or complete gene conversion(s) has occurred between "some other gene(s)" in the globingene family and the mouse E and F genes since the primate-rodent split, making mouse E and F genes more different from the A genes than are human E and F genes.
Easteal, however, does not elaborate on what specifically "the other gene(s)" might be. In the mouse P-globin family there are only five functional genes: one E (nonadult) gene, two duplicate F (nonadult) genes, and two duplicate A (adult) genes (Jahn et al. 1980; Hill et al. 1984 ). In addition, there are two pseudogenes, ph2 and ph3, but they are more homologous to the adult than to the nonadult genes (Jahn et al. 1980) . Thus, there are no "other genes" in the family that can convert the E and F genes to become more divergent from the A genes. One should note that gene conversion tends to make genes in a family more homogeneous rather than heterogeneous. Therefore, to explain our results by gene conversion, it would be more convincing to assume that gene-conversion events have occurred between human A and E and between human A and F.
The latter explanation, however, requires that the three nonadult genes have been converted by the adult genes to similar extents. A simpler explanation is as follows: The E and F genes have evolved considerably faster in the mouse lineage than in the human lineage while the A gene has evolved at about the same rate in both lineages. Under this hypothesis, one can easily explain why the numbers of substitutions per site between human A and mouse E and F, respectively, are considerably higher than those in the respective comparisons of mouse A with human E and F (see above). Further, for inferring the relative substitution rates in gene A in the human and mouse lineages the E and F genes may not be good references, for they have diverged from gene A to a considerable extent. When goat A is used as a reference, mouse A is seen to have evolved substantially faster than human A (see table 1 in Wu and Li 1985) . Therefore, all three genes (A, E, and F) seem to have evolved faster in the mouse lineage than in the human lineage.
In conclusion, the above discussion of the issues raised by Easteal further strengthens our conclusion that rates of nucleotide substitution are higher in rodents than in man.
